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An eectrothermally-driven long stretch micro drive (LSMD) is presented for
in-plane rectilinear motions in hundreds of micrometers with very compact
arrangement. High output performance (output displacements over device area
excluding electrical contact pads) of 200 mm/mm?2 has successfully achieved for
devices made of 10~12 mm thick electroplated nickel. The proposed device (N=5)
features large output displacements with low operation temperatures (< 350°C) and
driving voltages (< 4 volts). It can be operated up to 100 Hz at 3 volts without
displacement degradations. Experiments and simulations are conducted to verify
two design issues, bent beam angle and constraint bar width, with good agreements.
The output displacements can be effectively magnify by cascading more actuation
units in cascaded structures of the micro drive.

1. INTRODUCTION

A micro actuator with larger output
displacement and force at a compact size is
always the research goal in MEMS area. A

single micro actuator usually can provide only
limited output force and displacement.
Therefore, proper integration of several basic
actuators into an arrayed structure becomes an
atractive way to magnify the outputs. The



arrayed microactuators to magnify both output
displacement and force are often called
artificial muscles or musclelike micro
actuators [1,2], which require complicated
micromachining techniques. In  many
applications, a larger displacement is
necessary with a smaller but adequate force as
trade-off  [3,4]. Therefore,  large
displacements actuators with adequate forces
in arrayed and integrated structures had been
reported. Arrayed electro-thermal actuators
[5,6] have been reported with limited output
displacements. For  non-silicon-based
machining methods, microactuators driven by
piezoelectric [7,8], shape memory effect
[9,10], and magnetic actuation principles [11]
have been published. However, these
non-silicon-based machined actuators were al
in the millimeter to centimeter scale and still
not feasible in batch fabrication process.

Here electro-therma micro actuators with
cascaded actuation wunits are designed,
analyzed, fabricated and tested. Comparing
to previous in-plane micro actuators, the
proposed micro drives are expected to provide
larger displacement at 1C-level driving voltage
and compact device size. From previous
studies [12], the proposed LSMD with
V-shaped actuation bent beams are simpler in
design and have larger output displacement
than cosine-shaped ones. Besides, thick Ni
devices show lower driving voltages and
longer displacements than  2mm-thick
polysilicon devices. A finite element model
is constructed to study the therma mechanical
behaviors and transient thermal response here.

CONCEPT DESIGN

The proposed micro drive consists of a
pair of cascaded structures in paradle, as
shown in Fig. 1(a). Hence total output force
can be doubled. By connecting severa
actuation units in series, two cascaded
structures can be constructed. Each
actuation unit is formed by two actuation bent
beams and a constraint bar, as shown in Fig.
1(b), where the primary geometry parameters
are also defined. By applying electrica
potentials across anchor 1 and anchor 2 to
form a close loop, actuation bent beams
subjected to joule heating will expand and
push the device to stretch outward. The
constraint bar in the proposed device is used
to reduce the movement at two ends of
Generally,
actuation units in cascaded structures can
effectively magnify the output displacements
of themicro drive. The key limitation comes
from the fabrication capability. It should be
noted that the design of constraint bar is
critical in output magnification. Since the
movement at two ends of actuation bent beam
will affect the output displacement directly.
Besides, constraint bar is a compression
member in the device, therefore, mechanical
strength should be considered in design.
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Figure 1. a) Concept design of the proposed
LSMD (N=5). b) The basic actuation unit
and geometrical parameter definitions.

FINITE ELEMENT SIMULATION

Simulation by ANSYS 5.5. includes two
steps, first is electro-thermal analysis with 3-D
Solid69 element and followed by thermal
stress analysis with 3-D Solid45 element.
The finite element model is half-symmetry for
efficiency. In electro-therma analysis,
reference temperature is set to be 20°C and
silicon substrate, silicon-oxide spacer, air-gap
and ar-ambient are al considered in
conductive heat transfer mode. Thermal
conductivity and specific heat of air are
temperature-dependent that significantly alters
the simulated temperature results and profiles
[13]. The therma conductivities and CTEs
(coefficients of thermal expansion) of nickel
and single-crystalline silicon (SC-Si) are aso
temperature-dependent in simulations.
Thermal convection is not considered due to
contributions in heat transfer are neglectful
[13,14]. Owing to low operation
temperatures of LSMD (limited to below
350°C for Ni structures to prevent degrading
inair [3]), thermal radiation is aso neglected.

In  thermal  stress anaysis,  output
displacements are simulated by loading
temperature profile resulted from

electro-therma anaysis. From simulations,

thicker devices can provide larger output
displacements and forces at constant dc
driving voltage, as shown in Fig. 2.

FABRICATION

The devices are fabricated by nickel
electroforming with only one mask for the
benefit of thick and strong mechanical
strength to out-of-plane
displacements or buckling and diction
problems during releasing-drying processes
and in-use conditions. Besides, electroplated
Ni has high coefficient of thermal expansion
about 12.7-16.8 ppm/K and low electrica
resistivity of 80-130 nl-m, which is desirable
for thermal actuators.
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Figure 2. Simulated output displacements and
forces of Ni LSMD with various structure
thickness. (W=8 nm, g=1.0°, D=34 nm)

Fabrication process is illustrated in Fig. 3.
The devices are fabricated on a SC-Si
substrate with 6 nm thick PECVD (plasma
enhanced chemical vapor  deposition)
silicon-oxide isolation and sacrificial layer
deposited. Then Cr/Ni (200 A /1500A) are
evaporated as seed layer. The Ni structures
are plated into AZP4620 photoresist molds



using a nickel sulfamate solution with Ni
concentration of 400g/L. Before plating, the
photoresist molds are immersed in DI water
for 5-10 minutes to ensure the solutions flow
into the bottom of molds. Electroforming is
performed at 47.5525°C with current
densities of 8.5-10 mA/cm?.  Ni of 10-12 nm
in thickness is achieved in 90 min. The
photoresist molds are subsequently stripped in
acetone, then the seed and sacrificial layers
are etched to release the devices. The
devices are then rinsing in DI water 10
minutes and drying in IPA solutions at 120°C
hot plate for 5-10 minutes. The mask line
width is broadened after UV photolithography.
Therefore, Ni LSMDs with actuation bent
beams of 6-8 mm in width are obtained.
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Figure 3. Electroforming process to fabricate
Ni LSMD with one mask.

TESTING RESULTS AND DISCUSSIONS

Testing is performed

measure

under optica
microscopy  to static  output
displacements. Resolution on displacement
caibration is 1.5 mm. All tested devices
consist five actuation units (N=5) in each pair
of cascaded structures where span of actuation
bent beam (L) is 1000 mm. Generaly, the
device sizes excluding electrical contact pads

are al below 1 mm? for bent angles q in the
range of 0.2°-1.0°.

Figure 4 shows optical photos of the Ni
device with dimensions of 8.0 mm bent beam
width, 34 mm constraint bar width, and bent
angle of 0.2° before and after actuation.
Longest stretch up to 215 mm is measured for
the device at driving dc voltage of 3 volts and
current of 300 mA.

Figure 5 shows the measured and simulated
|oad-deflection curves of the devices with bent
beam width of 8 nm at two different bent
beam angles. The load-deflection relations
are quite linear in the range of 0.5-3.0 volts,
and the simulated maximum temperature is
below 300°C at 3.0 volts.

Simulations on two design
discussed and verified by experimental data.
It showsin Fig. 6, smaller bent beam angles (q)
will increase  output displacements
significantly. However, if bent beam angles
are too small, the actuation bent beams will
become unstable.

Figure 7 shows the influences of constraint
bar width (D) on output displacements. It is
found that a wider constraint bar will get
larger output displacements. However,
increasing constraint bar width will get only
limited improvements in displacements and
raise device areas. For instance, at 3 volts,
increasing constraint bar width from 14 nm to
24 mm improves displacements by 10.3% and
22% in experiment and in simulation
respectively. If the constraint bar width is
less than 14 nm, the temperature of constraint
bar will be higher than that of wider one under
the same input voltage, and significantly
decreases the output displacement.  For
example, decreasing constraint bar width from

issues are



14 mm to 8 nmm, output displacements are
dramatically depressed by 56.5% and 48.1%
in experiment and in simulation respectively.
Besides, in-plane buckling of constraint bars
narrower than 14 mm strongly depresses the
outputs and that are observed in testing and
confirmed by simulations.

In dynamic testing, it is found that the
device (W=8 nm, g=1°, D=34 nm, V=3 volts)
can be operated up to 100 Hz without
significant degradation in displacements.
Figure 8 shows simulated thermal transient
response of the device under step input of 3
volts for 20 ms. The vertical axis represents
peak temperature of the device that occurs at

connecting-part between actuation bent beams.

The thermal rise time is about 10 ms in
simulation that confirms the dynamic testing
observation.
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Figure 4. Operation of the Ni LSMD up to
215mm at 3 dc volts. a) Over view. b)
Close-up view. (W=8 mm, g=0.2°, D=34

mm)
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Figure 5. Measured and simulated results of
voltage-load and displacement data. (W=8 mm,
D=34 mm)
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Figure 6. Measured and simulated results of
devices (W=8 mm, D=34 mm, V= 3 volts) with
various bent angles q.
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Figure 7. Measured and simulated results of
devices (W=8 nmm, g=1°, V= 3 volts) with
various constraint bar widths D.
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Figure 8 Simulated transient thermal
response of Ni LSMD at 3 dc volts for 20 ms.
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